Pregnancy-associated plasma protein-A (PAPP-A), a metalloproteinase in the insulin-like growth factor (IGF) system, is markedly upregulated in human atherosclerotic plaque. To determine whether PAPP-A plays an active role in the development of atherosclerosis, we crossed mice lacking apolipoprotein E (ApoE) with PAPP-A-deficient mice, generating ApoE knock-out (KO), PAPP-A KO, wild-type (WT/WT), and ApoE/PAPP-A double KO (KO/KO) mice. These mice were fed a high-fat diet starting at 7 weeks of age. Total serum cholesterol levels were elevated similarly in the ApoE KO and KO/KO mice and were 10-fold higher than in the WT/WT and PAPP-A KO mice. WT/WT and PAPP-A KO mice showed little or no lesion development even after 20 weeks of diet. ApoE KO mice had a progressive increase in aortic lesion area over 20 weeks of diet. In comparison, lesion area was reduced 60% to 80% in KO/KO mice. Lesions of ApoE KO aortas had 8-to 20-fold increases in PAPP-A, IGFBP-4, and IGF-I mRNA levels compared with nonlesional areas, whereas IGF-I receptor levels were equivalent-conditions for enhanced lesional IGF activity. Consistent with this, an in vivo marker of IGF-I receptor-mediated action was increased 10-fold in lesions from ApoE KO compared with KO/KO aortas. These data indicate that PAPP-A plays a critical role in lesion development in a mouse model of atherosclerosis, at least in part, through amplification of local IGF-I bioavailability. (Circ Res.
A therosclerosis, one of the major diseases of the Western world, is a complex inflammatory response to chronic injury that involves several cell types and associated cytokines, growth factors, and enzyme systems. 1, 2 The regulation of atherosclerotic lesion initiation and progression is unclear. Recently, pregnancy-associated plasma protein-A (PAPP-A), a newly recognized metalloproteinase in the insulin-like growth factor (IGF) system, 3, 4 has been implicated in the vascular repair process and as a marker of acute coronary syndromes. [5] [6] [7] [8] [9] In vitro, PAPP-A has been shown to cleave inhibitory IGF binding protein-4 (IGFBP-4) thereby increasing local IGF bioavailability and receptor activation. 10 -12 It has been proposed that PAPP-A serves a similar function in the injury-repair response in vivo. PAPP-A expression was markedly upregulated in coronary artery lesions after vascular injury induced by balloon angioplasty in pigs. 5 Furthermore, immunospecific PAPP-A was demonstrated in ruptured and eroded plaques from human arterial specimens, with the most intense staining associated with activated macrophages and smooth muscle cells. 6, 7 Thus, PAPP-A clearly is associated with vascular lesions, but does PAPP-A play an active role in the development of atherosclerosis and/or lesion progression or is it simply a marker of the injury response?
To address this question, we generated mice with targeted deletion of the PAPP-A gene 13 and crossed them with apolipoprotein (ApoE)-deficient mice. The atherosclerotic lesions in these ApoE knock-out mice have been well characterized and resemble human lesions in their sites of predilection and progression from fatty streaks of lipid-laden macrophages to the fibroproliferative stage. 14 -17 These lesions principally occur at the aortic root, lesser curvature of the arch, and at principal branch points of the aorta. At an advanced stage, the lesions containing macrophages and smooth muscle cells have thick fibrous caps and necrotic lipid cores. These lesions are exacerbated when the mice are fed a high-fat Western-style diet. 14 -16 Thus, ApoE knock-out mice cross-bred with PAPP-A knock-out mice allow in vivo testing of the hypothesis that PAPP-A is directly involved in the development of atherosclerosis.
Materials and Methods

Mice
Mice that carry a targeted mutation in the PAPP-A gene on a mixed C57Bl6/129 background have been characterized previously. 13 ApoE knock-out (KO) mice on a C57Bl6 background were purchased from The Jackson Laboratory (Bar Harbor, Me). These studies were approved by Mayo's Institutional Animal Care and Use Committee.
PAPP-A KO mice, both male and female, are 60% to 70% the size of wild-type and heterozygous littermates. 13, 18 Therefore, in initial crosses, ApoE KO females (normal size) were crossed with PAPP-A KO males (small size) to facilitate pup-bearing for the female. Offspring heterozygous for both genes (normal size) were then crossed to produce double homozygous wild-type (WT/WT), double homozygous KO (KO/KO), and single KO (PAPP-A KO, ApoE KO) mice. Western-style diet (21% by weight [42% of calories] fat and 0.15% by weight cholesterol [Harlan Tekland]) was started at 7 weeks of age.
Genotyping
PAPP-A mutations were detected by PCR using a common forward primer, 5Ј-taagcaggggtgggtcctt-3Ј, and PAPP-A (5Ј-cactcctcagctctgg ctttca-3Ј) and Neo (5Ј-tcgccttctatcgccttcttg-3Ј) reverse primers. The ApoE genotype was determined by PCR screening using The Jackson Laboratory protocol (http://jaxmice.jax.org).
Lesion Analysis
Mice were anesthetized and blood was collected from the retroorbital plexus for measurement of total serum cholesterol. The heart and aorta were perfused with 20 mL phosphate buffered saline containing 20 mmol/L BHT and 2 mmol/L EDTA at the rate of 1 mL per minute. After perfusion, the aorta was dissected to the iliac bifurcation, fat and connective tissue were removed, and the heart and aortic arch were separated from the aorta. The remaining aorta was opened longitudinally and pinned in place on black wax for en face lesion analysis. Lipid rich lesions were stained with Sudan IV, as described. 19 Images were captured using a Nikon SMZ80 dissecting scope, a Nikon DMX200F Camera, and Nikon Act-1 software v2.62 (Nikon USA, Melville, NY). Image analysis was performed using Adobe Photoshop software v6.0.1 (Adobe Systems Incorporated). Lesion area was calculated for each animal as a percent of total aortic area, and lesion number was expressed in terms of plaques per 50 mm 2 of aortic area.
Histology and Immunohistochemistry
Serial 5-m sections were cut distally from the aortic root. After staining in hematoxylin for 5 minutes, sections were washed in tap water and destained in 1% acid ethanol. After washing with tap water, sections were stained with eosin for 5 minutes, rinsed in tap water, dehydrated in 100% ethanol, cleared, and mounted. Necrotic core regions were defined as acellular areas of lesions lacking nuclei and cytoplasm. 20 Cholesterol clefts are needle-like spaces caused by the dissolving out of cholesterol crystals.
Polarization microscopy was used to detect interstitial collagen. Collagen types I and III are identified by birefringence under polarized light illumination. 21 Sections were rinsed with distilled water and incubated with 0.1% Sirius red in saturated picric acid for 60 minutes. Sections were rinsed 2 times with 0.01N HCl and then immersed in distilled water. Sections were dehydrated in 2 changes of 100% ethanol, cleared, and mounted. Sections were photographed under polarized light using identical exposure settings for all sections. Birefringence was measured for each lesion and reported as a percent of total lesion area.
A minimum of 4 5-m sections were stained for macrophages (Mac-3 or Rat IgG1 isotype control, BD Pharmingen, San Diego, Calif) and smooth muscle actin (SMA [Spring Bioscience, Fremont, Calif] or normal rabbit serum [Jackson ImmunoResearch Labs, West Grove, Pa].) Sections were rehydrated, and 10 mmol/L sodium citrate with 0.05% Tween 20 pH 6.0 was used for heat-induced epitope retrieval. Sections were washed with phosphate buffered saline (PBS), and endogenous peroxidase was blocked with 3% H 2 O 2 in PBS before the addition of serum-free protein block (Dako Cytomation). Primary and control antibodies were diluted to 50 g/mL for Mac-3 and 10 g/mL for SMA in antibody diluent (Dako Cytomation), added to the sections, and incubated overnight at 4°C. Sections were then incubated with either a 1:200 dilution of polyclonal biotinylated anti-rat for Mac-3 staining (Dako Cytomation) or a 1:100 peroxidase goat anti-rabbit for SMA (Jackson ImmunoResearch Labs). ExtraAvidin-peroxidase (Sigma) was diluted 1:50 and added to Mac-3 stained sections. Staining was visualized by the addition of liquid DABϩ substrate (Dako Cytomation) for 10 minutes. Images were captured with a Microphot-FXA microscope, DXM1200F digital camera, and Act-1 software v2.62. Images were analyzed using Photoshop software v 6.0.1 (Adobe Systems Inc.).
RNA Isolation and Quantitative PCR
Aortas were removed and immediately placed in RNAlater (Ambion). After 24 hours at 4°C each artery was cleaned of fat and the medial-intimal layers separated from the adventitia. Lesions were excised from the medial-intimal layer of each artery. Lesion and nonlesion RNA were isolated in parallel using the RNase mini kit (Qiagen) following the isolation protocol for heart, muscle, and skin tissue. For comparing ApoEKO and KO/KO, RNA from the aortic arch was isolated similarly. One g of RNA from each sample was reverse-transcribed with Taqman reverse-transcription reagents, random hexamers, and Multiscribe reverse transcriptase (Applied Biosystems). Quantitative PCR reactions were conducted using the primer sequences (see supplemental Table I , available online at http://circres.ahajournals.org) and the iCycler iQ Detection System. Amplification plots were analyzed with iCycler iQ Detection System analysis software v3.0.6070 (Bio-Rad). Gene expression was normalized to ribosomal protein L19 as an internal control.
Statistical Analyses
ANOVA and post hoc t tests were used for comparison of multiple groups. Results are presented as meanϮSEM. Data that were not normally distributed (necrotic core and cholesterol cleft area) were analyzed with the Mann-Whitney test, and median and range values are presented. Significance was set at PϽ0.05. 
Results
Diet
All 4 genotypes of mice generated from heterozygous matings (designated WT/WT, ApoE KO, PAPP-A KO, KO/KO) gained weight on the high-fat diet, although the small size consequence of the PAPP-A gene knockout was maintained on the ApoE-null background (Table 1 ). Furthermore, total serum cholesterol levels (nϭ7 to 12 per group) were elevated similarly in the ApoE KO and KO/KO mice on the high fat diet (1312Ϯ93 mg/dL and 1403Ϯ176 mg/dL) and were 10 times higher than cholesterol levels in WT/WT and PAPP-A KO mice (146Ϯ9 mg/dL and 146Ϯ13 mg/dL). Triglyceride levels were also elevated in ApoE KO and KO/KO mice (288Ϯ38 mg/dL and 261Ϯ18 mg/dL) compared with WT/WT and PAPP-A KO mice (80Ϯ3 mg/dL and 85Ϯ6 mg/dL). Thus, there was no evidence of differential food consumption among the four groups.
Lesion Analysis
Lesions in the descending aorta to the iliac bifurcation were stained with Sudan IV and evaluated for lesion area and number in the 4 mouse genotypes after 5, 10, and 20 weeks on the high fat diet. WT/WT and PAPP-A KO mice showed little or no lesion development even after 20 weeks of a high fat diet (data not shown). An example of the en face staining of ApoE KO and KO/KO aortas is shown in Figure 1 . As summarized in Figure 2A , both male and female ApoE KO mice had a progressive increase in lesion area with weeks on diet, resulting in massive fatty lesions especially around branch points of vessels. Lesion area was markedly reduced in the KO/KO mice (Figures 1 and 2A) . In female KO/KO mice, there was a 72% reduction in lesion area at 10 weeks (Pϭ0.0001) and at 20 weeks (Pϭ0.011). Although there was a 52% reduction at 5 weeks, this difference was not statistically significant. In males, there was a 42% reduction in lesion area at 5 weeks (Pϭ0.25), an 80% reduction at 10 weeks (Pϭ0.009), and a 58% reduction at 20 weeks (Pϭ0.039). There was no significant difference in lesion number between ApoE KO and KO/KO mice, except in the female mice at 10 weeks of diet ( Figure 2B ).
Lesion Histology
Sections of the ascending aorta from ApoE KO and KO/KO mice were examined histologically for general structure and collagen content and immunochemically for macrophage and smooth muscle actin staining. Representative images are presented in Figures 3 and 4 , and quantitative results summarized in Table 2 . Macrophage staining as a percent of plaque area was significantly greater (1.8-fold) in KO/KO compared with ApoE KO aortas, although the absolute amount of macrophage staining in the lesions did not differ. In addition, there were no significant differences in expression of macrophage-derived proinflammatory cytokines, interleukin-1␤ (IL-1␤) and tumor necrosis factor-␣ (TNF-␣). Ratios of mRNA expression in KO/KO:ApoE KO were 1.02 for TNF-␣ and 1.54 for IL-1␤. The percentages of smooth muscle actin-staining cells and collagen content among plaques were not significantly different between the 2 groups. Large lipid areas were more apparent in the ApoE KO compared with KO/KO lesions. Many KO/KO lesions appeared to be essentially fatty streaks containing lipid-laden foam cells (Figure 3 ) rather than the more complex lesions of ApoE KO mice (Figure 4 ), which showed deep medial involvement and significantly greater necrotic cores area. Cholesterol cleft area also appeared to be greater in lesions of ApoE KO mice, but there was considerable variability and differences were not statistically significant ( Table 2 , supplemental Figure I ).
Expression of PAPP-A and IGF System Components
PAPP-A increases the IGF available to interact with receptor in vitro through its ability to proteolyze inhibitory IGFBP-4. 3,10 -12 In this study, we analyzed levels of PAPP-A, IGF-I, IGFBP-4, and IGF-I receptor mRNA in aortic tissue of ApoE KO mice, separating lesion and nonlesional areas. The results are presented in Figure 5 . PAPP-A mRNA was expressed at 20-fold higher levels in lesional areas compared with nonlesional areas of ApoE KO aorta. Interesting, IGF-I and IGFBP-4 mRNA levels were also elevated (20-and 8-fold, respectively) in lesional compared with nonlesional areas, whereas IGF-I receptor mRNA levels were similar in the 2 groups. Thus, it appears that PAPP-A, IGF-I, and IGFBP-4 are coordinately upregulated in atherosclerotic lesions, which in the proposed model would promote IGF-I bioavailability in these focal areas. One approach to assess bioactivity of IGF in vivo is to assay for expression of IGF-I-responsive genes. IGF-I has been shown to increase IGFBP-5 expression in vitro and in vivo. 24 -27 Thus, increased IGFBP-5 mRNA abundance has been used to indicate increased IGF-I signaling through the IGF-I receptor. IGFBP-5 mRNA was 10-fold elevated in aortas of ApoE KO mice compared with KO/KO mice ( Figure 6 ).
Discussion
This study (1) establishes an active role for PAPP-A in the development of atherosclerosis, (2) presents in vivo evidence that PAPP-A functions through regulation of local IGF-I bioavailability, and (3) provides rationale for exploring novel strategies aimed at PAPP-A, a relatively accessible extracellular enzyme, to control atherosclerosis.
PAPP-A is highly expressed in atherosclerotic plaque and is a proposed new marker of acute coronary syndromes. 6 -9 However, there remained the question of whether lesional PAPP-A was a potential therapeutic target, ie, was increased PAPP-A part of a compensatory mechanism attempting to limit lesion development or was it fundamentally proatherogenic? The results of this study are unequivocal in that loss of PAPP-A resulted in a favorable outcome in an animal model of atherosclerosis. Thus, in the absence of PAPP-A, mice on the ApoE-null background had a 70% to 80% reduction in lesion area after 10 weeks on a high fat diet compared with ApoE KO mice with wild-type PAPP-A gene expression. This is in spite of similarly elevated cholesterol and triglyceride levels in the 2 groups of mice. There was some lesion development between 10 and 20 weeks of high fat diet in the KO/KO mice, but lesional area was still significantly reduced by 60% to 70% in the aortas of these mice compared with ApoE KO mice. Major differences in lesion number between ApoE KO and KO/KO mice were not apparent. We can conclude from these results that loss of PAPP-A has a predominant effect on lesion progression rather than lesion initiation, and that the effects of PAPP-A are moderating Sections of ascending aorta from ApoE KO and KO/KO mice on a high fat diet for 20 weeks were stained for macrophages, smooth muscle actin, and collagen, as described in Methods. Values (meanϮSEM) are presented as percent of lesion area stained. Lipid was assessed as large morphologically distinct empty spaces defined by needle-shaped cholesterol clefts, massive and coalescent macrophage ghosts, and/or acellular content. 38 a Necrotic core and cholesterol cleft areas are median (range) values with the data from these evaluations presented in the supplemental Figure I. rather than absolute. The latter fits with the emerging notion of PAPP-A as a modulator of IGF action (discussed below) rather than as an essential growth factor itself.
The histopathology of lesions in sections of the ascending aorta, qualitatively similar in ApoE KO and KO/KO mice, was also consistent with the notion that PAPP-A is involved in lesion progression. ApoE KO lesions exhibited features of advanced fibroproliferative plaques with medial extensions and large lipid pools, including necrotic cores. On the other hand, many of the lesions in KO/KO aorta, even after 20 weeks on a high fast diet, resembled early stage fatty lesions predominantly composed of lipid-enriched macrophages.
Macrophages have been demonstrated to be important in lesion development in large part through secretion of proinflammatory proatherogenic cytokines such as TNF-␣ and IL-1␤. Thus, ApoE KO mice also deficient in TNF-␣ show a 50% decrease in lesion size by 10 weeks on a high fat diet. 28 TNF-␣ and IL-1␤ are potent stimulators of PAPP-A gene expression in coronary artery smooth muscle cells. 29 Thus, we speculate that upregulation of PAPP-A in vascular cells by macrophage-derived cytokines is an important component of lesion development, and, in the absence of this target gene, lesion development is blunted in spite of the continued presence of macrophages and similar levels of TNF-␣ and IL-1␤ expression in aortas from KO/KO and ApoE KO mice. Indeed, the percentage of lesion staining for macrophages was higher in KO/KO compared with ApoE KO mice, whereas the absolute area of macrophage staining was approximately the same in the 2 groups. Thus, there appears to be no effect of PAPP-A on macrophage recruitment and the early phase of lesion development. Importantly, PAPP-A is not expressed by macrophages, but PAPP-A surface-associates with macrophages and retains proteolytic activity. 30 The exact means by which PAPP-A promotes and, therefore loss of PAPP-A limits, atherogenesis is unclear. However, our findings support PAPP-A regulation of local IGF bioactivity through IGFBP-4 proteolysis as a major mechanism. IGF-I, IGFBP-4, and PAPP-A are significantly upregulated in lesional areas compared with nonlesional areas of ApoE KO aortas, whereas there is no difference in IGF-I receptor expression in the 2 areas. A plausible model for these findings is that increases in both IGF-I and IGFBP-4 create a pericellular reservoir of bound and thus "unavailable" IGF-I that is released for receptor activation on PAPP-A-induced cleavage of IGFBP-4. It has been difficult to assess bioavailability of IGF in vivo, and confirmation of IGF-I receptor activation, such as phosphorylation status, is not feasible in these in vivo studies in mice because of the amount of tissue that would be needed. However, recent studies using expression of the IGF-I-responsive gene, IGFBP-5, as an in vivo marker of IGF-I receptor-mediated activity have been informative. [22] [23] [24] [25] [26] [27] We found that IGFBP-5 mRNA abundance was 10-fold elevated in lesions from ApoE KO mice compared with KO/KO mice, consistent with increased IGF-I bioavailability as has been demonstrated in cell culture studies. 31 It is of note that IGFBP-5 has been reported to be a substrate for PAPP-A in vitro. 32 However, possible significance of IGFBP-5 proteolysis in vivo is currently unknown, and there are several IGFBP-5 proteases besides PAPP-A. PAPP-A appears to be the only physiological IGFBP-4 protease. 11, 13 Local regulation of IGF-I bioavailability is important because IGF-I can stimulate several of the processes leading to lesion progression including vascular smooth muscle cell proliferation, migration, and collagen production, and macrophage chemotaxis, phagocytosis of lipoprotein, and release of inflammatory cytokines (reviewed in 33, 34 ). Zaina et al 35 showed that ApoE KO mice developed significantly smaller lesions when IGF-II was also deleted. Direct evidence for a role of paracrine expression of IGF in smooth muscle cell growth was shown in transgenic mice selectively overexpressing IGF-I in smooth muscle by means of a mouse smooth muscle-actin promoter. 36 Overexpression of the IGF-I transgene was associated with smooth muscle cell hyperplasia in these mice. Thus, reduction of local IGF bioavailability through loss of PAPP-A-induced IGFBP proteolysis could serve to block the ability of smooth muscle cells to proliferate and synthesize collagen in response to IGF-I. This would be consistent with previous findings that the targeted deletion of the PAPP-A gene reduced neointimal lesion formation after carotid ligation, mainly because of the attenuation of smooth muscle cell migration and proliferation through decreases in local IGF bioavailability. 27 However, we did not see reduction in smooth muscle actin staining or collagen content in KO/KO lesions in this study. This could be because of the stage of the lesions in the two groups of mice and deserves further study. Effects of reduction of IGF-I signaling through inhibition of PAPP-A on activated macrophages remains to be determined, but a blunting of IGF-I-stimulated lipoprotein uptake 37 would be consistent with the observed phenotype of the KO/KO lesions.
In conclusion, these findings implicate PAPP-A in promoting lesion progression through regulation of local IGF action, and suggest PAPP-A as a potential therapeutic target for atherosclerosis.
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